Understanding how neurons acquire specific response properties is a major goal in neuroscience. Recent studies in mouse neocortex have shown that ''sister neurons'' derived from the same cortical progenitor cell have a greater probability of forming synaptic connections with one another [1, 2] and are biased to respond to similar sensory stimuli [3, 4] . However, it is unknown whether such lineage-based rules contribute to functional circuit organization across different species and brain regions [5] . To address this question, we examined the influence of lineage on the response properties of neurons within the optic tectum, a visual brain area found in all vertebrates [6] . Tectal neurons possess well-defined spatial receptive fields (RFs) whose center positions are retinotopically organized [7] . If lineage relationships do not influence the functional properties of tectal neurons, one prediction is that the RF positions of sister neurons should be no more (or less) similar to one another than those of neighboring control neurons. To test this prediction, we developed a protocol to unambiguously identify the daughter neurons derived from single tectal progenitor cells in Xenopus laevis tadpoles. We combined this approach with in vivo two-photon calcium imaging in order to characterize the RF properties of tectal neurons. Our data reveal that the RF centers of sister neurons are significantly more similar than would be expected by chance. Ontogenetic relationships therefore influence the fine-scale topography of the retinotectal map, indicating that lineage relationships may represent a general and evolutionarily conserved principle that contributes to the organization of neural circuits.
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Results and Discussion
To examine whether lineage-based rules contribute to functional circuit organization in the optic tectum, we developed a method for labeling a single neuronal clone per animal, which enabled us to definitively identify sister tectal neurons. All animal procedures were conducted in accordance with UK Home Office regulations. Individual tectal progenitor cells in the proliferative zone [8] of stage 44-47 Xenopus laevis tadpoles (7-16 days postfertilization) were targeted for single-cell electroporation with a dextran-conjugated red fluorescent dye ( Figure 1A ; Supplemental Experimental Procedures available online) [9] . This dye does not leak out of cells and is only passed on to daughter cells [10, 11] . To ensure that a single neuronal clone was labeled, we conducted in vivo two-photon imaging at different time points. The first imaging was conducted 1-3 hr after electroporation to be certain that only one progenitor had taken up the dextran ( Figure 1B) . From a total of 438 animals in which we confirmed that a single progenitor cell was labeled, 103 contained two or more labeled sister neurons when the animal was reimaged 6-19 days later at stage 49 or 50 ( Figure 1C) .
To reveal the architecture of the tectum and to probe the functional properties of tectal neurons, we then injected the calcium indicator dye Oregon Green BAPTA1-AM (OGB1-AM) into the region encompassing the dextran-labeled neurons. Images taken before and after the OGB1-AM injection enabled us to confirm 45 animals in which the dextranlabeled neurons could still be clearly distinguished, and the different tectal layers were clearly demarcated [12, 13] (Figure 2A) . Each clone was comprised of 2-7 fluorescently labeled neurons. The majority of clones (25 out of 45; 56%) spanned multiple cell-dense layers of the tectum, and, in the remainder (20 out of 45; 44%), the neurons were restricted to the same layer ( Figure 2B ). Across all clones, there was a strong tendency for neurons derived from the same progenitor to be situated within nearby cell-dense layers (p < 2 3 10 25 , bootstrap test; Figure 2C ; Supplemental Experimental Procedures).
We then used two-photon calcium imaging to assess the response properties of clonally related neurons. We mapped spatial receptive fields (RFs) by simultaneously recording visually evoked calcium responses in both dextran-labeled and nonlabeled tectal neurons in the same animals (Figures 3A-3C; Supplemental Experimental Procedures) [14] [15] [16] . For clones to be included in the analysis, labeled neurons were required to exhibit robust spatially localized RFs, as determined statistically by fitting each RF with a 2D Gaussian function (Figures 3D and 3E ; Supplemental Experimental Procedures). Clones in which only one neuron satisfied these criteria had to be excluded because sister comparisons were not possible. Under these criteria, we obtained a subset of animals with significant spatially selective responses in multiple dextran-labeled sister neurons and in a large fraction of nonlabeled neighboring neurons (11 labeled neurons, 531 nonlabeled neurons, four animals). Importantly, there was no significant difference between labeled and nonlabeled neurons in terms of their response amplitudes, the quality (R 2 ) of the RF fits, or the eccentricity of their RF centers ( Figure 3F ).
These data provided the opportunity to test whether clonal relationships influence the RF properties of tectal neurons. To quantify functional differences between pairs of tectal neurons, we computed the euclidean distance between the centers of their fitted RFs (Dcenter; Figure 4A ). As expected, given the retinotopic organization of the tectum, there was a significant positive correlation between the spatial separation of pairs of neurons and their Dcenter values ( Figure 4A ). Although pairs of sister neurons had smaller Dcenter values than nonsister pairs ( Figure 4B ), they also tended to be situated closer to one another within the tectum ( Figure 4C ). Thus, to assess the effect of clonal relationships, it was crucial for us to control for the bias introduced by this spatial clustering. We therefore compared each pair of sister neurons with a spatially matched set of nonsister control pairs ( Figure 4D ; Supplemental Experimental Procedures). The spatially matched control pairs had to be situated in the same combination of tectal layers, and they had to be the same distance apart as the corresponding sister pairs, to within a tolerance of 610 mm. We expressed the degree of functional similarity between each sister pair relative to its matched controls as a percentile (Figure 4E 
Thus, pairs of sister neurons show more similar RF center positions than would be expected, given their spatial proximity within the tectum. This bias was also evident when we excluded pairs of neurons located within the same tectal layer ( Figure S1B ).
Our data demonstrate that sister neurons within the optic tectum have significantly more similar RF centers than nonsisters, indicating that neuronal lineage relationships influence the fine-scale topography of the retinotectal map. This is consistent with the observation that clonally related neurons can show similar orientation preferences in mouse visual cortex [3, 4] . The functional significance of such a mechanism is not yet fully understood, but it has been proposed that lineage relationships contribute to the establishment of precise canonical microcircuits [1, 5] . Given that retinotopic map formation has been shown to be controlled by molecular gradients (legend continued on next page) and neuronal activity [17, 18] , the influence of lineage upon a tectal neuron's functional properties could reflect the inheritance of a particular profile of gene expression [19, 20] and/ or activity-dependent processes [2, 4] . Fundamentally, the fact that clonal relationships influence responses in the optic tectum, an ancient brain structure that is common to all vertebrates, indicates that lineage relationships may represent a general and evolutionarily conserved principle that contributes to the organization of neural circuits. 
